turbances in various aspects of neurodevelopmental outcome. Risk factors for cerebral damage are either related to the patient's disease, EMCO treatment itself, or a combination of both. Conclusion: It is of ongoing importance to further understand pathophysiological mechanisms resulting in cerebral hemorrhage and ischemia due to ECMO and to develop neuroprotective strategies and approaches.
Introduction
Extracorporeal membrane oxygenation (ECMO) has become a rescue therapy for neonates with severe, but potentially reversible, respiratory failure when maximal conventional therapy has failed. Without ECMO, in these children mortality is high [1, 2] . Over 22,000 neonates have been treated with ECMO with an overall survival rate of 80% [3, 4] . In addition to earlier supportive studies, the most important study proving the efficiency of ECMO came from the UK collaborative ECMO Trial Group [5] . Newborns with severe respiratory failure were randomized to either ECMO or conservative treatment in one of the five participating centers. In all diagnosis groups of newborns, survival was better in the ECMO group compared to conventional treatment. Additionally, ECMO was likely to be as cost-effective as other life-extending technologies [6] . In 2008 the Co-chrane group concluded that neonatal ECMO resulted in improved survival, without an increased risk of severe disability in survivors [7] . The effect of ECMO was less in newborns with congenital diaphragmatic hernia. Further studies were advised to optimize timing for the initiation of ECMO and to determine which infants will benefit most. As cerebral injury, intracranial hemorrhage (ICH) as well as ischemia belong to the most devastating complications of ECMO, the goal of this review is to give an overview of the relation between neonatal ECMO and the cerebrum.
Methods
All three authors included specific articles for this review. Next to a selection of articles used for their own decades of research in the area of ECMO and the brain, an extensive literature search was performed in the PubMed database using extracorporeal membrane oxygenation , (infant) newborn and/or neonate , cerebral injury , intracranial hemorrhage , cerebral complications , and brain ischemia and outcome . Finally, the list of publications registered by the Extracorporeal Life Support Organization was used.
Technical Aspects of ECMO
During neonatal ECMO an external circuit temporarily supports lung function of the newborn with an artificial oxygenator. Venous blood is passively drained from the right atrium through the venous cannula of the ECMO circuit, which is inserted into the right internal jugular vein. Blood then passes the bladderbox. In case of inadequate venous drainage from the right atrium the bladderbox will slow down and finally interrupt the ECMO pump. The ECMO pump actively pumps the blood at a regulated variable ECMO flow rate through a membrane oxygenator. Before the blood is returned to the patient, it is rewarmed by a heat exchanger. In case of veno-arterial ECMO (va-ECMO), the blood will be returned to the aortic arch through an arterial cannula inserted in the right common carotid artery. If veno-venous ECMO (vv-ECMO) is used the blood will return through the same venous cannula (which in this case is a double lumen cannula) into the right atrium. Clot formation due to the artificial materials has to be avoided by heparinization of the patient throughout the ECMO treatment.
Cerebral Aspects Related to Neonatal ECMO

Neonatal ECMO Criteria Are Related to the Brain
The decision to initiate ECMO is formed by a delicate balance between an effective rescue therapy aimed on survival and complications of the ECMO treatment, especially cerebral injury. Most nonsurvivors of ECMO treatment die from ICH and not from their primary respiratory disease. Exclusion criteria are mainly based on the fact that, once present, they increase the risk for ECMOrelated complications, especially (intracranial) hemorrhage. As an illustration, table 1 shows the selection criteria and (relative) contraindications for the initiation of ECMO as used at our Department of Neonatology of the Radboud University Nijmegen Medical Centre, Nijmegen, the Netherlands. Criteria fit closely to those described by the international Extracorporeal Life Support Organization [8] . Inclusion and exclusion criteria are aimed to initiate ECMO in newborns with an estimated mortality of 80% with maximal conservative therapy. However, with therapies like surfactant, high-frequency oscillation (HFO) ventilation and the use of inhaled nitric oxide (iNO), predicted mortality without ECMO is less than 80% for certain diagnoses. In the UK trial, the control group had a mortality rate, depending on the underlying disease, of 43% in meconium aspiration syndrome to 100% in congenital diaphragmatic hernia. To avoid a delay in the use of ECMO because of an inadequate response to prior iNO treatment and other techniques like HFO, it has been suggested to lower the current ECMO criteria in patients suffering from severe hypoxic respiratory failure, who are already treated with iNO and HFO ventilation [2, 9] . Schumacher et al. [10] showed a shorter length of hospitalization, better cost-effectiveness and better (neurological) outcome at 1 year of age when neonates were randomized to lower threshold criteria to initiate ECMO.
Neonatal ECMO and (Neurological) Outcome
Cerebral injury, ICH as well as ischemia are revealed by imaging studies in 10% up to as high as 52% of the neonates [11] [12] [13] . Although ECMO has increased survival rates, the occurrence of hemorrhagic and ischemic cerebral lesions resulting in future neurological and neurodevelopmental dysfunction are of major concern [14, 15] . An important study describing the relation between severity of neonatal brain injury as detected by ultrasound and CT scan and neuropsychological and neurobehavioral outcome at the age of 5 years was performed by Glass et al. [16] . Disability was found to range from 10% in children with no radiologic brain abnormalities up to 57% in those with severe radiologic brain abnormalities. In the control group, healthy newborns, disability was detected in 2% of cases. A few studies concern the short-term outcome of newborns treated with ECMO, like feeding problems, growth and persistent pulmonary problems [17] [18] [19] . For the purpose of this review, we will concentrate on long-term neurodevelopmental and neuropsychological outcome. Most long-term follow-up studies show mild to major neurological impairment in 15 up to 25% of ECMO survivors. Impairment involves different kinds of neurological development, cognitive development, IQ and neuromotor development. More subtle signs of neurological involvement occur at higher rates in ECMO survivors. Learning problems at school age appear to be as high as 50% and ECMO parents reported behavioural problems more often compared to normal controls [15] [16] [17] [18] [20] [21] [22] [23] [24] . In a Dutch follow-up study after va-ECMO, treated children were found to be highly at risk for developmental problems, most prominently in the motor domain as compared to normal reference populations [25] .
In all long-term follow-up studies the selection of the control group is very important, especially as neonates treated with ECMO are generally severely ill and suffered from episodes of hypoxia and/or hemodynamic instability prior to ECMO treatment. Although several authors use near-miss ECMO patients to compare with, the best control group can probably be found in the follow-up studies of the UK collaborative randomized trial of neonatal ECMO [5, 20, 26, 27] . In their studies, the UK ECMO trial group found an improved survival at 1, 4 and 7 years of age in ECMO-treated newborns compared to those treated with conventional therapy. Even though 1 in every 4 patients treated with ECMO showed signs of impairment, there seemed to be a favorable outcome at 4 and 7 years of age in those newborns treated with ECMO. In addition, ECMO showed to be cost-effective compared to conventional treatment based on the 7-year results in the UK [28] . An important limitation of all follow-up studies is that they are mainly or exclusively based on neonates treated with va-ECMO, while in the meantime vv-ECMO was introduced, to initiate when possible instead of va-ECMO. This type of ECMO does not require ligation of the carotid artery, a concern for increasing the risk for cerebral injury. There are however no studies available comparing the long-term outcome between both forms of ECMO in neonates. For short-term differences in outcome only one study is available in the literature: Vanholt et al. [29] compared neonates treated with vv-ECMO and va-ECMO over a 5-year episode and found significantly more ICH in va-ECMO-treated newborns. This was however a nonrandomized and retrospective study in which patients' characteristics were significantly different between both groups, especially for birth weight and gestational age, which were significantly lower in the va-ECMO group.
Neonatal ECMO and Risk Factors for Brain Damage
The origin of cerebral injury in ECMO-treated newborns is probably a combination of factors, including pre-ECMO, patient and disease-related factors as well as fac- 98 tors related to the ECMO treatment itself and a combination of both [30] . A very interesting review concerning many of these aspects was written by Short [14] . Literature concerning risk factors for cerebral injury can be divided into two categories. The first category contains (case-control) studies looking for risk factors, like primary diagnosis, in patients who did develop cerebral lesions, with or without a control group. Studies of the second category focus more on possible pathophysiological risk factors in patients and on technical aspects and consequences of ECMO, like the changes in pulsatility of the cerebral blood flow (CBF) pattern during va-ECMO. An overview of topics discussed in both categories is shown in table 2 . Several of the studies of the first category are important to mention: Hardart et al. [31, 32] determined gestational age, postconceptional age, acidosis, sepsis, coagulopathy and treatment with epinephrine as independent pre-ECMO factors associated with ICH in neonates who were treated with ECMO. These factors could probably explain why ECMO outcome depends on primary diagnosis as was also seen in the UK ECMO trial mentioned before. Dela Cruz et al. [33] demonstrated that an elevated activated clotting time and low platelet counts requiring transfusion were statistically associated with an increase in the development of ICH. The relation between activated clotting time and ICH reflects the role of anticoagulation, which is necessary to avoid clot formation in the ECMO system. Hirthler et al. [34] reviewed that instability of activated clotting time and platelet count are early predictors of ICH. In general the equilibrium between anticoagulation and clotting complications is difficult to manage. Clotting complications might result in embolization of (micro)clots to different organs, including the brain. Major ischemic lesions seem to be related to longer ECMO treatment and more conservative use of heparin [35, 36] . Finally, lactate level before ECMO treatment was found to be a useful marker for the development of ICH during ECMO [37] . Again, this stresses that primary disease and severity of disease are important risk factors and partially explains the difference in outcome between for example severe sepsis/pneumonia and meconium aspiration syndrome. Our ECMO group studied the influence of iNO treatment before the initiation of ECMO on bleeding and clotting complications and the course of ECMO. iNO before ECMO is usually part of the treatment because of its specificity as a pulmonary vasodilator [38] . However, iNO has systemic effects as well, including alteration in platelet function [39] . Next to this, the use of iNO might result in a delayed initiation of ECMO, possibly resulting in a longer ECMO treatment course and more (cerebral) complications. In two retrospective studies we found a significant relationship between prior iNO use and clotting complications and/or disseminated intravascular coagulation, which might be a risk factor for ischemic cerebral events. We did not find a significant relationship with bleeding complications, including ICH. In our study the use of iNO did not result in a delay in the initiation of ECMO nor in an increase in the duration of ECMO treatment [40, 41] .
Since randomized controlled studies are difficult to perform because of practical and ethical considerations, the second category of studies contains mainly observational aspects and concerns in neonates treated with ECMO. One interesting aspect, probably influenced by both patient factors like severity of illness and hypoxia as well as by the ECMO treatment itself, is the disturbance of cerebral autoregulation (AR). In normal, healthy newborns, cerebral AR maintains the CBF over a wide range of cerebral perfusion pressures with a contraregulation response occurring with a delay of 2 s after sudden changes in blood pressure. It has been shown, however, that AR is disturbed in severely ill term infants [42] [43] [44] [45] . Additional studies in newborn lambs showed that prolonged hypoxia and/or the ECMO treatment itself will significantly disturb the cerebral AR [46] [47] [48] [49] . As a result, the capillary vasculature of the brain might be at increased risk in case of systemic blood pressure changes. This could be an additional risk for ischemic complications due to hypoperfusion as well as for hemorrhagic complications due to hyperperfusion.
Cannulation of the right common carotid artery and internal jugular vein became a concern. Some authors describe predominance of cerebral lesions in especially the right hemisphere of the brain, while in other studies this predominance, possibly related to ligation of the right common carotid artery and right internal jugular vein, could not be confirmed [50] [51] [52] [53] [54] [55] [56] . It has to be stressed that all studies mentioned concern neonates treated with va-ECMO. Data from large studies in vv-ECMO are actually not available. Theoretically, in the presence of an intact circle of Willis, ischemia of the right cerebral hemisphere will never occur. However, incompleteness of the circle of Willis has been found in 0.6% of normal brains, possibly an additive risk factor for ischemic lesions of the right hemisphere [57] . Reassuring data concerning the cannulation came from two studies. In the first, Short et al. [58] showed that 4 h of hypoxia in lambs before cannulation caused a 100% increase in CBF, with maintenance of oxygen transport to the brain and cerebral oxygen metabolism. These parameters were not altered by cannulation of the right common carotid artery and/or the right internal jugular vein. A second study by Klein et al. [59] found no statistically significant or persistent differences on MRI performed directly after ligation between rats in which either the jugular vein and/or the carotid artery were ligated compared to control rats. Less reassuring studies, considering the cannulation procedure, occurred as well. Our group found alterations in cerebral oxygenation after carotid artery ligation in human newborns, possibly reflecting an increased O 2 extraction due to increased transit time of the blood resulting from the diversion of arterial blood supply from the left common carotid artery to the right hemisphere. After jugular vein ligation, no changes were found. At 60 min after the initiation of ECMO there was a significant increase in CBV velocity (CBFV) and cerebral blood volume (CBV) [60] . In a consecutive study, van Heijst et al. [61] confirmed these data. Changes were measured in the right and left cerebral hemisphere separately, but differences between right and left were not found. These findings combine well with two studies, both demonstrating a temporary decrease in CBFV after ligation of the right common carotid artery [62, 63] . Finally, Hunter et al. [64] performed a study in which the CBF of lambs was measured by laser Doppler flowmetry during va-ECMO as well as vv-ECMO. Ligation of the right common carotid artery resulted in temporary (1 min) decrease in CBF to the right cerebral cortex. It can at least be concluded that there are concerns about possible negative effects for the brain related to ligation of the right common carotid artery. Besides this, there is a lack of knowledge about the longterm consequences of permanent ligation of the right common carotid artery, for example at a later age when vascular atherosclerotic changes appear. All these factors together stimulated the development of vv-ECMO, using a double-lumen cannula, inserted in the right atrium of the patient. It has to be stressed, however, that vv-ECMO might have its own risks for the brain. There is especially fear for venous congestion due to obstruction caused by the thicker double lumen venous cannula. This is supported by three, somewhat older, studies, two of which describe a high frequency of ICH in the posterior fossa of the brain [65, 66] . The third study found a high incidence of subarachnoid space enlargement at the interhemispheric fissure and frontal, temporal and parietal convexity (68%) and ventricular enlargement (35%) in patients treated with vv-ECMO. In this same study, ICH occurred in 7 out of 31 neonates (22%) [67] . A direct comparison with va-ECMO is difficult as from the ELSO registry data it becomes clear that there are differences in populations treated with vv-ECMO compared to those treated with va-ECMO. One of the major reasons is the fact that less cardiac support can be given in vv-ECMO. However, a possible positive effect of vv-ECMO compared to va-ECMO might be the maintenance of pulsatile arterial flow to the brain. Once va-ECMO is initiated, Taylor et al. [68] found the systolic phase broadened and diastolic flow velocities markedly increased, as measured by Doppler imaging of the pericallosal portion of an anterior cerebral artery. This resulted in a decrease of the pulsatility index [PI, in which PI = (systolic CBFV -diastolic CBFV)/ systolic CBFV] most clearly at higher ECMO flow rates. There was also an increase in true CBF expressed by the area under the time-velocity curve. Although clinical relevance and importance of these findings remain unclear, as is the case for many observational studies, this loss of arterial pulsatility might be additionally harmful for the vulnerable brain [14] . One of the underlying mechanisms 100 might be the increased disturbance of cerebral AR in va-ECMO compared to vv-ECMO as demonstrated by Ingyinn et al. [69, 70] . Vascular reactivity to acetylcholine was measured in middle cerebral arteries from lambs exposed to ECMO. Intraluminal acetylcholine infusion resulted in vasodilation in vessels from control and pulsatile vv-ECMO animals, while vasoconstriction was observed in vessels exposed to nonpulsatile va-ECMO. This indicates altered endothelial reactivity in vv-and va-ECMO. There are still conflicting data about the influence of nonpulsatile flow on cerebral perfusion [71, 72] . However, in the literature there is some evidence for more benefit from pulsatile circulation on CBF and increased vital organ flow [73, 74] .
A concern for va-ECMO as well as for vv-ECMO could be the extensive contact of blood with the plasticizers containing tubings of the ECMO system, which might result in exposure of the brain to potential toxic agents [75, 76] . In addition, it has to be mentioned that the initiation of ECMO results in an important inflammatory response in the newborn with a release of mediators that might lead to cerebral damage. The white matter of the brain is especially vulnerable and therefore one could speculate that this could result in a high incidence of disturbed neurological development, most prominently in the motor domain [25] .
Whether va-ECMO is used or vv-ECMO, it seems to be rational to further study treatment-related factors that might contribute to the occurrence of complications in the vulnerable brain. A good example is the use of the veno-arterial bridge (va-bridge) between the arterial and venous side of the va-ECMO system. Historically this vabridge was filled with blood and opened and closed several times per hour to avoid clotting in it. Studies of our ECMO group showed significant changes in cerebral oxygenation and hemodynamics related to the use of the va-bridge. In piglets and newborn infants, Liem et al. [77] , using near infrared spectrophotometry (NIRS), found that opening of the va-bridge resulted in a decrease in CBV and cerebral oxygen supply. After this initial decrease there is a compensatory increase in cerebral oxygen extraction and vasodilation. In a consecutive study in lambs, van Heijst et al. [78] described that opening of the va-bridge during va-ECMO resulted in a massive shunt of blood from the arterial side of the circuit to the venous side, causing significant changes in blood pressure, cerebral oxygenation and hemodynamics in lambs. In a more recent study, these changes were shown in a different way by using echo Doppler of the pericallosal artery during opening and closure of the va-bridge [79] . Opening of the bridge resulted in very acute and large changes in CBF, sometimes even resulting in a negative CBF in the pericallosal artery, which is an end artery for a part of the brain supplied by the anterior cerebral artery. Although a direct causal relation between changes in cerebral oxygenation and hemodynamics because of the use of the blood-filled va-bridge and cerebral injury is not proven, changes can easily be avoided if the va-bridge is filled with normal saline instead of blood and connected with stopcocks to the venous and arterial cannula. In this way the va-bridge does not have to be opened intermittently, avoiding fluctuations in cerebral hemodynamcis.
Three more studies of our group concern the possible harmful relation between bladderbox alarms, intravascular volume administration and cerebral lesions. The bladderbox controls venous drainage of blood from the right atrium. If the venous drainage becomes inadequate to maintain the established flow of the ECMO system, the bladderbox will give an alarm, slow down the pump and finally cause an acute interruption of the pump. Intravascular volume is often administered to restore the circulation through the ECMO system and the patient. In a retrospective case-control study we found a statistically significant relationship between the total number and volume of intravascular volume administrations and the development of ICH during treatment with va-ECMO [80] . We hypothesized that either the bladderbox alarms or the intravascular volume administration might cause potentially harmful fluctuations in cerebral oxygenation and hemodynamics. In a second study, using NIRS in lambs, we found that simulated bladderbox alarms during va-ECMO result in statistically significant fluctuations in cerebral oxygenation and hemodynamics, which might be an additional risk factor for cerebral injury [81] . As fluctuations were most profound when bladderbox alarms were resolved with intravascular volume administration, a third study was performed in human newborns on va-ECMO, in which the effect of volume administration on cerebral oxygenation and hemodynamics was studied using NIRS. Intravascular volume administration resulted in statistically significant fluctuations of cerebral oxygenation and hemodynamics [submitted for publication]. Most bladderbox alarms and consecutive intravascular volume administrations occur in the first 72 h of ECMO treatment. This is also the period in which most ICH is diagnosed. Studies above were all performed using a roller pump. An option to reduce described fluctuations could be the use of a centrifugal pump (without a bladderbox), however possible effects on the brain have to be studied for such pumps too.
Future Perspectives
Future research about cerebral damage in relation to ECMO treatment should consider several points. First of all it should be focused on gaining a better understanding of pathophysiological and technical aspects related to cerebral complications. One of these aspects is the role of venous congestion next to CBV in the occurrence of ICH and ischemia. Other technical aspects of ECMO to be studied for their potential effect on cerebral injury are centrifugal versus roller pumps.
The place of ECMO in the treatment cascade of severe neonatal respiratory insufficiency is another important point. Is it time to go beyond death as an outcome measure of ECMO? Should long-term neurodevelopmental outcome, hospital length of stay and hospital cost be further evaluated with early intervention of this lifesaving therapy instead of using ECMO as a 'rescue therapy'? Should we come to more individualized ECMO criteria?
An interesting point is the fact that vv-ECMO is considered to be more gentle for the brain, but that there is still a lack of evidence that vv-ECMO does really result in less cerebral complications and improved long-term outcome. The ultimate study would be a multicenter trial in which patients are randomized to va-or vv-ECMO.
Finally, it is important that future research should consider possible brain-protective strategies like (head) cooling and neuroprotective drugs during ECMO treatment. From this point of view, results of a current randomized controlled trial by Field et al. [82] seem to be interesting.
